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Abstract 
This work is related to a study on the fill factor losses for solar cell interconnection by soldered ribbons and how it's affected 
under high irradiance operation. For photovoltaic solar energy to be able to compete with other electricity sources $/Watt needs 
to be reduced, directly implying enhancing of efficiency (Ș), by decreasing the electrical and optical losses in cell to module 
process (CTM). For the electrical losses, the fill factor (FF) is affected to decay throughout the module process with an increase 
of the FF losses regarding to cell’s FF, which also increase at irradiance above standard test conditions (STC), easily being 
reached in desert places where a significant part of the energy is produced with irradiance larger than 1 sun. In order to reveal the 
relative FF-loss, I-V and EL are measured for seven groups of mc-Si cell modules, soldered and embedded with different types of 
ribbon. The results show the importance to choose an adequate ribbon for high irradiance operation in order to avoid higher 
losses of FF. Applying this to a 1 MWp plant preliminary calculations show that the annual energy yield can gain up to 
14.57 MWh in San Pedro de Atacama, but the temperature effects must be incorporate in future studies. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer review by the scientific conference committee of SiliconPV 2015 under responsibility of PSE AG. 
Keywords: Photovoltaic module; solar ribbon; power loss; CTM; non-standard testing. 
1. Introduction 
For photovoltaic solar energy to be able to compete with other electricity sources $/Watt needs to be reduced, 
directly implying an improve of efficiency (Ș), by decreasing the electrical and optical losses in cell to module 
process (CTM), where the fill factor (FF) is affected to decay throughout the process with an increase of the FF 
losses regarding to cell’s FF [1], which also increase under high irradiance operation conditions, above standard test 
conditions (STC). This condition is easily exceeded in desert places, such as Fig. 1 shows, indicating that a 
significant part of energy is produced with irradiance larger than STC. The available average solar energy with 
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irradiances above 1 kWm-² in El Gouna (Egypt) is found to be 6.29%, whereas it is in San Pedro de Atacama (Chile) 
up to 24.99%. 
 
 
Fig. 1. Distribution of available solar energy in module plane, H, due to ranges of global irradiance G, in intervals of 100 Wm-², for three different 
places: Stuttgart, Germany (oceanic climate), El Gouna, Egypt (hot desert) and San Pedro de Atacama, Chile (cold desert). 
2. Design of the experiment 
Seven different types of ribbon with similar coating are measured for electrical resistance (10 ribbon samples per 
each group for averaging), shown in Table 1, and soldered to 3 busbar cells on front and back side (seven groups, 
called sample, each consisting out of two one-cell modules).  
Table 1. Parameters of different ribbon sample, where w, t, R and ȡ are results of experimental measurements of width, thickness, specific 
electrical resistance and electrical resistivity, respectively. 
Sample w 
[mm] 
t 
[mm] 
R 
[mȍ/m] 
ʌ 
[ȍ*mm²/m] 
1 1.5083±0.0880 0.1958±0.0052 77.94±0.01 0.0230±0.0034 
2 1.9880±0.0079 0.1913±0.0040 71.06±0.01 0.0270±0.0021 
3 2.0260±0.0093 0.1966±0.0047 58.21±0.01 0.0232±0.0024 
Reference 1.5850±0.0090 0.2457±0.0040 55.93±0.01 0.0218±0.0025 
4 1.6405±0.0098 0.2607±0.0061 54.85±0.02 0.0235±0.0043 
5 2.0232±0.0109 0.2456±0.0048 43.75±0.02 0.0217±0.0028 
6 1.9840±0.0090 0.2754±0.0050 37.82±0.01 0.0207±0.0030 
 
Several industrial type mc-Si cells (156 mm length and 243.36 cm² area) are embedded between standard solar 
glass and backsheet by EVA, hence a standard module setup was applied to manufacture mini-modules of 
20 x 20 cm² with one centered cell. The reference ribbon stands for industry most typical solar ribbon used for 60 
cells modules. Electroluminescence (EL) and I-V at STC are measured for all samples on cell and on module level, 
without cracks on module level being experienced. Losses due to CTM process and to high irradiance are measured 
applying different irradiance levels, between 100 and 1400 Wm-², under controlled ambient temperature (25 °C) 
using a sun simulator class AAA with an illumination area of 22 x 22 cm², calibrated with the same reference 
module for each group of measurements. Each module is measured 2 times for each irradiance level, applying a 
black shading mask to the front in order to avoid the effect of internal reflectance in non-active areas. Power loss 
due to electrical losses by ribbon interconnection and FF-loss are calculated as explained in [2] and [3] respectively, 
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using as input the data obtained from the experimental measurements described above. With these results plus the 
in-situ measured solar irradiance data for two same years in three different locations, the yield is calculated for all 
sample group. The temperature effects are not considered in this paper and need a complementary study. 
3. Results 
For a better understanding of the results, the term FF-decay is interpreted as the difference between the FF of the 
cell before and after lamination, at certain irradiance range. Also, losses due to CTM are understood as the 
difference between a variable measured at module level regarding to the same variable at cell level at same 
irradiance range (typically at STC), therefore FF-decay is the CTM loss for the fill factor variable. 
3.1. Electrical performance 
The results of I-V measurements show that the FF-decay at STC ranged between (2.49±0.02)% and 
(4.72±0.00)%, increasing at G = 1250 Wm-² up to (3.48±0.03)% and (6.30±0.00)%, respectively, where the lower 
decay is obtained for the wider ribbon and the higher decay for the narrow one, as expected, with relative average 
change between both irradiances of 33.64% and 39.92% respectively. Fig. 2 shows that the FF-loss at 1250 Wm-² is 
4.43% for the lowest electrical resistance ribbon sample, 5.65% for the reference and 8.00% for the highest 
electrical resistance sample. 
 
 
Fig. 2. Average FF-loss and FF-decay of each sample at STC and 1.25 sun (1250 Wm-² irradiance condition and 25 °C ambient temperature). 
 
With the evaluation done in Fig. 3, which shows in stacked format the average of calculated normalized power 
loss for each sample group regarding their Pmpp, it is possible to see how the normalized power loss decreases under 
high irradiance for the wider ribbon module (sample 6). Also, the normalized shading power losses are shown 
independently of the irradiance which has an important contribution to the total electrical losses for wider ribbon at 
irradiance lower than STC, inclusive below 700 Wm-². In order to choose an adequate ribbon it’s important to pay 
attention to the operation point in where the generated current imply an electrical power loss higher than the shading 
loss, meaning more than 4% in the total power loss can be avoided. 
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Fig. 3. Average of calculated power loss of each sample for different irradiance levels, where: Ploss.spacing is the loss due to the space between 
the cell and the border of module, Ploss.ribbon is the electrical loss in the ribbon due to the current’s flow, Ploss.shading is the loss due to the 
shading of the ribbon over the cell. 
3.2. Impact to the yield 
The calculated annual yield for each location, as exposed in Fig. 4, reveals how the yield tendency is changed for 
irradiances above 800 Wm-² on each sample, meaning that even with the higher irradiance in San Pedro de Atacama 
it is not possible to obtain a higher yield because the PV modules efficiency decrease under irradiances larger than 
STC. Sample 4 shows a similar yield performance of the reference with a relative change of (५0.01±0.00)%, 
(0.01±0.00)% and (0.02±0.00)% in Stuttgart, El Gouna and San Pedro de Atacama irradiance conditions 
respectively. It’s important to note that Sample 4 is 0.1 mm wider than the reference ribbon implying a relative 
power loss of (५0.86±0.00)% at STC and a similar annual yield to the reference. Nevertheless, as Fig. 5 shows, the 
other samples exhibit a completely different behavior, especially for samples 5 and 6 where the relative gain due to 
the difference in the width of the ribbons is not expressed in the yield because the current convention uses the MPP 
power at STC as reference and is not related to the module power at different irradiance intervals. 
 
 
Fig. 4. Expected annual yield related to an interval of irradiance for three different places: Stuttgart, El Gouna and San Pedro de Atacama. 
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Fig. 5. (a) Expected relative annual yield; (b) CTM loss-gain. 
4. Conclusions 
The results show the importance to choose an adequate ribbon for high irradiance operation conditions in order to 
avoid higher losses of FF, therefore the CTM losses-gains are not represented when the annual yield is calculated 
using the Pmpp of the module at STC (current convention). Although in San Pedro de Atacama more irradiance is 
available, preliminary simulations show that it is not possible to reach a yield larger than in El Gouna because the 
PV modules efficiency decrease at irradiances larger than STC. 
The module efficiency can be avoided to decay by around (1.30±0.10)% for wider ribbon and lose around 
(2.16±0.16)% for the narrower one, both in absolute difference at 1250 Wm-². A sensitive analysis reveals that 
decreasing the electrical resistance of the ribbon by 51.48% implies a relative diminution in FF loss of around 
(47.04±1.50)% at STC and (44.55±1.91)% at 1250 Wm-². Applying to a field installation means that a 1 MWp plant 
can gain around (13.13±1.44) MWh in annual yield in San Pedro de Atacama. 
It is expected that for bifacial modules electrical losses increase due to the larger current conducted and due to the 
thermal behaviour of ribbons and solar cells, making the choice of an adequate ribbon even more relevant. 
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